The interfacial Dzyaloshinskii-Moriya interaction (DMI) in an in-plane anisotropic Pt(4nm)/Co(1.6nm)/Ni(1.6nm) film has been directly observed by Brillouin spectroscopy. It is manifested as the asymmetry of the measured magnon dispersion relation, from which the DMI constant has been evaluated. Linewidth measurements reveal that the lifetime of the magnons is asymmetric with respect to their counter-propagating directions. The lifetime asymmetry is dependent on the magnon frequency, being more pronounced the higher the frequency. Analytical calculations of the magnon dispersion relation and linewidth agree well with experiments. 
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Pt/ferromagnet thin films [18] . Magnons probed by these methods generally have energies, lifetimes and attenuation lengths of the order of 10 meV, 10 femtoseconds, and 1 nm [27] , respectively. However, for magnonics and spintronics applications, SWs in the GHz range (0.01 to 0.1 meV), which can be readily excited by microwaves or spin transfer torque [28, 29] , are of greater relevance due to their longer lifetime in the nanosecond range and micronscale coherence length. Within this energy scale, Brillouin light scattering (BLS) with its subGHz resolution and high surface sensitivity (~ few nm) for metals is ideally suited for studying both the interfacial DMI and spin-wave dynamics of Pt/ferromagnet multilayers.
We report on a BLS study of interfacial DMI in an as-grown Pt/Co/Ni multilayer film possessing an in-plane magnetization. DMI-induced effects such as the asymmetry of the magnon dispersion relations and spectral linewidths were observed. Experiments also reveal that the asymmetry of magnon lifetime is dependent on its frequency. Analytical macroscopic calculations of the spin-wave dispersion relation and linewidth are in agreement with the measured data.
The sample studied was deposited on a thermally oxidized silicon wafer by both DC and RF magnetron sputtering at room temperature. Specifically, the unannealed film stack is substrate/MgO(2)/Pt(4)/Co(1.6)/Ni(1.6)/MgO(2)/SiO 2 (3) (hereafter referred to as sample Pt/Co/Ni), where the figures in parentheses are the nominal thicknesses in nm. Argon gas (~2.3 mTorr) was used during the sputtering process with a background pressure of 210 −9 Torr, and the deposition rates for MgO, Pt, Co, Ni and SiO 2 were 0.026, 0.54, 0.14, 0.21 and 0.10 Å/s, respectively [30] . The in-plane and out-of-plane magnetic hysteresis loops of the sample, measured by vibrating sample magnetometry (VSM), as shown in All BLS measurements were performed in the 180° back-scattering geometry (see inset of geometry. As the metallic film is very thin, counter-propagating surface waves localized at the top and bottom interfaces were simultaneously observed in the BLS experiments. In the light scattering process, as total momentum is conserved along the film surface, the Stokes (magnon creation) and anti-Stokes (magnon annihilation) peaks arise from SWs propagating in the -x and +x directions, respectively. Thus, the respective frequencies of counterpropagating SWs, having the same momentum, are simultaneously presented in the same spectrum. Figure 2 shows that the magnon peaks in the Stokes and anti-Stokes portions of a typical spectrum are asymmetric in terms of both frequency and intensity. It is noteworthy that on reversing the direction of the applied magnetic field H 0 , the respective center frequencies, linewidths and intensities of the Stokes and anti-Stokes peaks were also interchanged. This is a consequence of the reversed spin-wave propagation direction, as reversing the magnetization is equivalent to a time-reversal operation [27] . [31] . The resulting spin-wave dispersion relations measured under various applied magnetic fields are presented in Fig. 3(a) . The most prominent feature of the dispersion curves is their asymmetry with respect to the wave vector k, which is attributed to the lifted chiral degeneracy arising from the interfacial DMI [14] . For the same wavelength, the frequency and group velocity of SWs propagating in the -x direction are larger than those of SWs propagating in the +x direction. In the following quantitative analysis, the magnetic film was considered to be an effective uniform medium [32, 33] , since the Co and Ni layers are coupled by strong exchange interactions and only long-wavelength acoustic SWs are of interest. Phenomenologically, the DMI energy density of our sample is given by [13, 34, 35] For SWs traveling along the x-axis, the effective field due to the DMI is given by [35, 36] 
The total effective field is
where
, A is the exchange stiffness constant, the dipolar field in the film [37] is
and K is the anisotropy constant. Substituting Eqs. (2) and (4) into the Landau-Lifshitz-
yields the following spin-wave dispersion relation
where the Gilbert damping constant α has been set to zero,  is the gyromagnetic ratio, and 
is linear in the DMI constant and the spin-wave wave vector, but independent of the applied in-plane magnetic field. Figure 3 (b) reveals that this relationship is borne out by the experimental Brillouin data. It is noteworthy that the frequency difference is more pronounced the shorter the wavelength, which is the case for exchange SWs [15] . Such a feature would be desirable in the nano-miniaturization of integrated magnonic circuits based on Pt/Co structures.
We now discuss why the observed asymmetry is not due to the nonreciprocity of surface SWs. For the scattering geometry shown in Fig. 2 , the dynamic magnetizations of +k SWs tend to localize at the top surface, while those of -k SWs at the bottom surface [38] , which is consistent with the higher BLS intensities of the former. Consequently, asymmetric distributions of magnetic parameters across the sample's thickness could lead to a frequency shift for counter-propagating SWs. First, the PMA is asymmetric as it mainly originates from the bottom Pt/Co interface. Due to the nonreciprocal localization of SWs, the +k SW generally experiences an average anisotropy field U H weaker than that felt by the -k SW.
However, according to Eq. (6), the frequency of the former should be higher than that of the 9-15 latter, which contradicts our observation. Thus, asymmetric PMA cannot explain the observed asymmetry. Second, the saturation magnetization M S is asymmetric due to the Co/Ni bilayer structure. To study its effect, two more samples were fabricated under the same . Three factors contribute to the measured linewidth: the finite lifetime of magnons due to damping, the instrumental broadening due to the limited resolving power of the optics, and the finite size of the collection aperture [41] . To obtain the true spin-wave linewidth (lineshape assumed to be Lorentzian), both instrumental broadening and aperture effects were considered in the spectral fitting, which was carried out following the procedure of Ref. 41 . The instrumental function of our optical system used was a Gaussian function with a FWHM of ≈ 0.17 GHz, which was obtained by measuring the elastic Rayleigh peak and assuming the laser line, with a linewidth of a few MHz, to be a delta function. The aperture effect was reduced by using an f/7 lens, which served as the focusing and collection lens. Each spectrum was recorded for a Brillouin peak intensity of at least one thousand counts, which typically entailed a scanning duration of 10 hours for a laser-light power of 90 mW incident on the sample.
The deconvoluted linewidths of the counter-propagating SWs, displayed in Fig. 4 , indicate that their lifetimes are asymmetric with respect to their propagation direction. This is attributed to the DMI at the Pt/Co interface. From Fig. 4(a) , one observes that for the same wavelength, the linewidth of SWs propagating in the -x direction is wider than that of SWs in the +x direction. To eliminate the contribution of the frequency difference to the linewidth asymmetry, the same set of measured linewidth data are re-presented in Fig. 4(b) by plotting them against frequency. We see that for a given frequency, the +k SW generally has a narrower linewidth and hence longer lifetime than those of the -k SW. Also, the linewidth difference between counter-propagating SWs increases with increasing frequency. For We have also experimentally demonstrated that the linewidths of counter-propagating magnons are different, with the difference being more pronounced for larger wave vectors, and have ascribed the difference to a DMI-induced term that is antisymmetric in the wave vector. Interestingly, our analytical calculations show that due to the existence of the DMI, the magnon linewidth is no longer a monotonic function of frequency. Our findings would be useful for understanding the influence of DMI on the domain-wall and spin-wave dynamics at Pt/ferromagnet interfaces. 
